INTRODUCTION {#SEC1}
============

The ras family of proteins are ubiquitous small GTPases, which play an important role in cellular signal transduction ([@B1]). Point mutations in ras proto-oncogenes cause malignant transformations in human cells due to reduced capacity of the encoded protein to hydrolyze GTP to GDP, which leads to uncontrolled cell proliferation ([@B2]). Mammalian cells contain three proto-oncogenes of the ras family (*HRAS, KRAS* and *NRAS*) with different tissue expression levels. The *KRAS* protein is most abundant in the colon and thymus. Mutations of the *KRAS* gene are involved in various tumor types, especially lung, colorectal and pancreatic tumors ([@B3]). Due to its role in the pathogenesis of cancer, *KRAS* is a promising target for anti-cancer drugs ([@B4]--[@B6]).

The human *KRAS* proto-oncogene promoter contains a G-rich nuclease hypersensitive element (NHE) upstream of the major transcription initiation site, which is believed to form non-B-DNA structures, specifically G-quadruplexes ([@B7]--[@B9]). These four-stranded structures are comprised of stacks of G-quartets, which are planar arrangements of four guanine bases stabilized by monovalent cations ([@B10],[@B11]). Continuous or interrupted guanine runs are interconnected by loops of which more common include edge-type (lateral), diagonal and propeller-type ([@B12]--[@B15]). The resulting strand orientation and subsequently G-quadruplex topology can therefore be of parallel, anti-parallel or mixed type. Accompanied by a plethora of less common structural elements G-quadruplex structures can reach tremendous diversity ([@B16]).

Initial interest in G-quadruplexes was sparked by their assumed presence in telomeric regions, however, focus has also shifted toward gene promoters. Bioinformatic data suggest that G-quadruplexes may act as *cis*-acting regulatory elements for a large portion (40%) of human genes ([@B17]). Recently, numerous attempts were made in order to elicit a therapeutic response by manipulating telomeric and promoter G-quadruplexes ([@B18],[@B19]). One of the most popular approaches utilizes small molecule ligands that stabilize G-quadruplexes and/or interfere with potential protein-DNA interactions ([@B20],[@B21]). G-quadruplex binding ligands are usually planar aromatic molecules, which interact with the outer G-quartets through π-π stacking. The large area of a G-quartet should offer such ligands enough discrimination against other DNA forms. However, the stabilization of a specific structure, despite the large degree of polymorphism exerted by G-quadruplexes, remains an open issue ([@B22],[@B23]). Therefore, detailed information on the structure of potentially druggable G-quadruplexes lays the groundwork for successful drug design.

A Myc-associated zinc finger protein (MAZ) has been found to specifically bind to a GA-box with a consensus sequence GGG(A/C)GG, which is found in the *KRAS* promoter ([@B24]). Subsequently, it has been shown that MAZ is a transcription factor, which activates human *KRAS* transcription ([@B25]). A decoy strategy, using stable *KRAS* promoter analogues, has been devised in order to sequester the MAZ protein and prevent it from activating *KRAS* transcription. Xodo *et al*. found that a 32-nt fragment of the *KRAS* promoter, designated as 32R-3n, folds into a G-quadruplex structure ([@B26]). Furthermore, twisted intercalating nucleic acid (TINA) modified 32R-3n reduces the level of *KRAS* mRNA in Panc-1 cells to 20%, which in turn reduces tumor growth in mice carrying a Panc-1 xenograft ([@B27]). The TINA residues contain polycyclic aromatic hydrocarbon moieties, which are believed to stack on terminal G-quartets with a favorable effect on G-quadruplex stability ([@B28],[@B29]).

Although several attempts have been made to determine structures of G-quadruplexes formed by various *KRAS* promoter oligonucleotides, utilization of low resolution techniques made unambiguous determination of folding topologies challenging ([@B9],[@B26],[@B27],[@B30],[@B31]). As a result the exact structural features of 32R-3n and its chemically modified analogues, which are important for *KRAS* attenuation, remain unknown. In the current study, nuclear magnetic resonance (NMR), CD and UV spectroscopy are used in order to determine folding topology of 32R-3n, d(GCG GTG TGG GAA GAG GGA AGA GGG GGA GGC AG). Our data show that two symmetric dimeric G-quadruplex units are formed in a solution containing K^+^ ions. The proposed topology offers rationale for anti-tumor activity of the 32R-3n oligonucleotide and is a basis for further development of decoy based *KRAS* suppression strategies in cancer cells.

MATERIALS AND METHODS {#SEC2}
=====================

Sample preparation {#SEC2-1}
------------------

DNA oligonucleotides were synthesized on solid support using a H-8 DNA synthesizer (K&A Laborgeraete). Oligonucleotides were removed from solid support using ultra fast treatment with 50% ammonium hydroxide/50% methyl amine (AMA). Incubation with AMA took place for 20 min at room temperature followed by 15 min at 65°C. The solution was evaporated and immediately redissolved in 10 mM TEAB buffer. Oligonucleotides were purified with reverse phase HPLC on a C18 column. The mobile phase was evaporated and the remaining DNA was treated for 20 min with 80% acetic acid to remove the DMT group. Subsequently, the DNA was precipitated with ethanol and again redissolved in TEAB buffer. A GE AktaPurifier with a HiPrep 26/10 column was used to desalt the DNA. After the final evaporation, the DNA was dissolved in the NMR buffer containing 10% ^2^H~2~O, 20 mM K phosphate buffer (pH 7) and 80 mM KCl. Final concentration of oligonucleotides was in the range between 0.5 and 1.0 mM.

UV melting {#SEC2-2}
----------

UV melting experiment was carried out on a Varian CARY-100 BIO Spectrophotometer. The low concentration experiment was carried out at 295 nm using a 1 cm cell. The concentration of DNA was adjusted to the absorbance at 295 nm in the range between 0.4 and 0.8. In the high concentration experiment, NMR samples were used directly in a 1 mm cell and the wavelengths were adjusted between 300 and 305 nm to obtain an absorbance of less than 1.0. The temperature was increased/decreased from 10 to 80°C with the rate of 0.5°C/min. Melting temperatures were determined from the first order derivatives of melting profiles.

Circular dichroism spectroscopy {#SEC2-3}
-------------------------------

Circular dichroism (CD) spectra were recorded on an Applied Photophysics Chirascan CD spectrometer at 25°C using 1.0 mm and 0.1 mm path length quartz cells for samples with oligonucleotide concentrations of 50 and 500 μM, respectively. All samples were prepared with the NMR buffer (20 mM K phosphate buffer, pH 7 and 80 mM KCl). The wavelength range was from 220 to 320 nm.

NMR spectroscopy {#SEC2-4}
----------------

NMR spectra were collected on Agilent VNMRS 800 and 600 MHz NMR spectrometers at 25°C. 1D and 2D NMR spectra were acquired using DPFGSE water suppression sequence. NOESY spectra were acquired with mixing times (τ~m~) from 80 to 250 ms. Spectra were processed with VNMRJ (Agilent Technologies) and NMRPipe 8.2 software packages. Assignment was carried out with CcpNmr\'s Analysis module v2.4.

Electrophoretic mobility shift assay {#SEC2-5}
------------------------------------

Non-denaturing 12% polyacrylamide gel was prepared with TBE buffer containing 100 mM KCl. Same buffer was also used in both reservoirs. Gel plates were cooled to 10°C for the 6 h run at 90 V. Thermo Scientific GeneRuler Ultra Low Range DNA Ladder was applied to the central lane. Stains-All was used for staining.

RESULTS {#SEC3}
=======

*KRAS* promoter oligonucleotide forms two G-quadruplex units at 5′- and 3′-ends {#SEC3-1}
-------------------------------------------------------------------------------

An aqueous K^+^ ion containing solution of 32R-3n was prepared and its 1D ^1^H NMR spectrum gave a quick insight into G-quadruplex formation. The imino region of 32R-3n exhibited two sets of signals with different characteristics. Six signals with chemical shifts ranging from δ 10.6 to 11.9 ppm were relatively sharp, while remaining eight signals exhibited broader linewidths in a wider chemical shift range between δ 10.6 and 13.0 ppm (Figure [1](#F1){ref-type="fig"}). All guanine sites in the sequence of 32R-3n were probed for hydrogen bonding with a series of residue specific partially ^15^N isotopically enriched oligonucleotides. 1D ^15^N-edited HSQC spectra revealed that guanine tracts, which are hydrogen bonded and possibly involved in G-quartet formation, can be split formally into two regions (Supplementary Figures S1 and S2). The first region near the 5′-end of the 32R-3n sequence includes guanine residues 1, 3, 4 and 8--10, which correspond to the six sharper imino resonances in the 1D NMR spectrum. The second region near the 3′-end includes the long G-tract from residue 22 to 26 with the addition of G28 and G29. It is noteworthy that G24 and G29 each give rise to two imino resonances, which suggests some sort of conformational switching, which is slow on the NMR chemical shift timescale (*vide infra*). Oligonucleotides with ^15^N labeled guanines in the center of the sequence (residues 13--20) did not produce observable imino resonances in ^15^N-edited HSQCs, which suggested that they were not hydrogen bonded.

![Sequences and NMR characterization of G-quadruplex forming *KRAS* oligonucleotides. (**A**) Sequences of the wild type 32R-3n and its truncated 5q and 3q analogues corresponding to 5′- and 3′-end quadruplex forming region, respectively. Red guanines are involved in Hoogsteen hydrogen bonding, while blue guanines and cytosines form Watson--Crick base pairs. (**B**) Imino regions of 1D ^1^H NMR spectra of 32R-3n, 5q and 3q oligonucleotides with assignments. Spectra were acquired at 25°C with oligonucleotide concentrations in the range between 0.5 and 2.0 mM in 10% ^2^H~2~O, 80 mM KCl and 20 mM K phosphate buffer (pH 7).](gkv1359fig1){#F1}

Previous studies on 32R-3n ([@B27]) included PAGE assays, which suggested it adopts a dimeric structure in the presence of K^+^ ions. This led us to believe that two G-quadruplexes are formed by two molecules of 32R-3n. Truncated oligonucleotides comprised of one of the two G-quartet forming regions (G1-G10 and G22-C30) of 32R-3n with different overhang lengths were screened for G-quadruplex forming ability. All oligonucleotides exhibited NMR signals characteristic of G-quadruplex formation albeit with chemical shift perturbations. 5q and 3q were found to exhibit ^1^H NMR resonance patterns, which corresponded to individual G-quadruplex units within full-length 32R-3n and were further characterized (Figure [1](#F1){ref-type="fig"}). An attempt to induce unimolecular folding of 32R-3n included preparation of a diluted NMR sample (100 μM), which was annealed for 5 min at 95°C followed by snap cooling on ice. The resulting 1D ^1^H NMR spectrum was identical to that of a concentrated sample and indicated persistence of the dimeric structure.

Additionally, an oligonucleotide of the same length has been prepared where the central segment (A11-A21) of the sequence of 32R-3n (between the two G-quadruplex forming regions) was replaced with a T~11~ element. Nine observable imino ^1^H resonances (including the downfield G22 resonance) support the formation of both G-quadruplex units (Supplementary Figure S3). However, due to considerable chemical shift perturbations assignment of the Hoogsteen hydrogen bonded guanine imino resonances could not be carried over from 32R-3n. Compared to 32R-3n, three imino resonances are not observed in 1D NMR spectra of the T~11~ mutant indicating increased dynamics of some guanine residues at the 3′-end. Interestingly, a shorter oligonucleotide with a T~5~ element replacing the central segment in 32R-3n formed a complex mixture of G-quadruplex structures (Supplementary Figure S3). This shows that a shorter central segment reduces flexibility and increases structure heterogeneity.

While NMR spectra of 32R-3n suggest a single structure is present in solution containing K^+^ ions, spectra of both truncated oligonucleotides (5q and 3q) show the presence of a major species and one or more minor species (Figure [1](#F1){ref-type="fig"}). This is also evident from PAGE (Figure [2](#F2){ref-type="fig"}). 32R-3n migrates as a single band. As expected, the major component of 5q migrates faster, but several minor species with lower electrophoretic mobility, possibly due to different loop orientations, are also present. On the other hand, 3q also has a fast migrating component, however a substantial portion of the oligonucleotide migrates as slowly as 32R-3n (with two G-quadruplex units), which suggest oligomerization of 3q. The T~11~ mutant migrates as two distinct bands with electrophoretic mobilities corresponding to a dimeric (32R-3n like) and monomeric form.

![PAGE of 32R-3n, 5q, 3q, T~11~ and oligonucleotides with G to T point mutations. The DNA ladder with corresponding dsDNA lengths is in the central lane.](gkv1359fig2){#F2}

3′- and 5′-end G-quadruplex units feature symmetric head-to-head topologies with edge-type loops {#SEC3-2}
------------------------------------------------------------------------------------------------

A series of 2D COSY and NOESY spectra were acquired and used for assignment of anomeric, aromatic, amino and imino ^1^H resonances of 32R-3n, 5q and 3q. On the basis of NOE connectivities folding topologies of both G-quadruplex units were determined (Figure [3](#F3){ref-type="fig"}). Signals widths in 1D and 2D spectra are favorable in the case of truncated oligonucleotides compared to the full length 32R-3n. Importantly, identical sequential walks of both G-quadruplex units can be traced in NOESY spectra of the full-length and truncated oligonucleotides.

![Aromatic-anomeric regions of 2D NOESY (τ~m~ = 250 ms) NMR spectra of 32R-3n, 5q and 3q oligonucleotides. The sequential walk is shown for the truncated oligonucleotides.](gkv1359fig3){#F3}

Assignment of the 5′-end structured region (G1-A11) was performed with the full length 32R-3n and its truncated oligonucleotide 5q. High intensity intranucleotide cross-peaks and characteristic internucleotide aromatic-anomeric NOESY correlations indicate that G1, G3 and G8 are in *syn* conformation. Imino to aromatic ^1^H NOE contacts revealed that individual G-quartets in the 5′-end region are comprised of G1/G10, G3/G9 and G4/G8 pairs (Figure [4](#F4){ref-type="fig"}). Each guanine is both hydrogen-bond acceptor and donor to its G-quartet partner. NOE connectivities support alternating G1:G10:G1:G10, G3:G9:G3:G9 and G4:G8:G4:G8 configurations of the three G-quartets of the 5′-end unit. The order of G-quartets in the structure was determined through examination of inter-quartet guanine imino-imino and imino-aromatic cross-peaks (Supplementary Figure S4). Based on the available NMR data we propose that the 5′-end G-quadruplex folds into an anti-parallel dimeric fold-back head-to-head topology with edge-type loops (Figure [5](#F5){ref-type="fig"}). The first G-tract (G1-G3-G4) is interrupted by C2. A limited number of weak NOE contacts with C2 suggest that it is flexible and protrudes away from the G-quadruplex core (Supplementary Figure S4). The trinucleotide TGT loop is followed by the second continuous G-tract (G8-G10). T7\'s methyl group exhibits intense cross-peaks with imino protons of G4 and G8, which suggests efficient stacking of T7 on the adjacent G-quartet. Similarly, A11\'s H2 exhibits cross-peaks with imino protons of G1 and G10 comprising the G-quartet on the opposite side of the G-quadruplex unit. The resulting fold-back topology exhibits an axis of symmetry running through the center of G-quartets, perpendicular to G-quartet planes. Resonance signal overlap precludes determination of clockwise or anticlockwise orientation of nucleotides within G-quartets. The proposed topology is however consistent with a structure exhibiting C~2~ symmetry.

![Imino-aromatic regions of 2D NOESY (τ~m~ = 250 ms) NMR spectra of 32R-3n and 3q oligonucleotides.](gkv1359fig4){#F4}

![Proposed topologies of low- (**A**) and high-temperature (**B**) forms of dimeric G-quadruplexes formed by 32R-3n in the presence of K^+^ ions. Guanines in *anti* and *syn* conformation are depicted in green and blue, respectively. Adenines and cytosines are in purple and red, respectively. Some loop and overhang residues are omitted for clarity. An axis of symmetry traverses central cavities of both G-quadruplex units.](gkv1359fig5){#F5}

The complete sequential walk found for the 5′-end structured region can be traced in NOESY spectra of 32R-3n. On the other hand, some sequential steps of the 3′-end structured region are obscured in NOESY spectra of 32R-3n due to broader cross-peaks and resonance overlap (Figure [3](#F3){ref-type="fig"}). Since equivalent imino ^1^H chemical shift patterns of the 3′-end structured region are observed in spectra of 32R-3n and 3q (Supplementary Figures S1 and S2), identical topology of this region is implied. Therefore, the sample of 3q was used for assignment of the 3′-end structured region in 32R-3n (G22-C30). 1D NMR spectra of 3q exhibits several imino resonances in the Hoogsteen chemical shift range and a single downfield resonance at δ 13.0 ppm, which has been assigned to G22. On the basis of G22 imino to C30 amino ^1^H NOE contacts the formation of G22:C30 Watson--Crick base pairs could be unequivocally determined (Figure [4](#F4){ref-type="fig"}). ^1^H chemical shifts of the C30 amino group show that one proton is hydrogen bonded (δ 8.26 ppm) and the other is not (δ 7.10 ppm). The non-hydrogen bonded proton rules out the possibility of cross-strand hydrogen bonds between two G:C base pairs in the dimeric structure and suggests their slipped arrangement. A G23 H1 to G29 H8 NOE contact suggests formation of a G23:G29:G23:G29 quartet adjacent to the two G:C base pairs. Interestingly, G24, G25 and G26 also give rise to observable, albeit weaker imino resonances (Figure [1](#F1){ref-type="fig"}). The G28 imino resonance was identified through ^15^N-edited HSQC spectra and was found to be broader and overlapping with G25 (Supplementary Figure S2). Despite hydrogen bonding observed NOE contacts do not support the formation of a single set of well defined G-quartets in the G24-G28 region.

The importance of G24, G25, G26 and G28 for folding of the whole structure has been tested by their substitution with thymines (in the full length 32R-3n). ^1^H NMR signal patterns of the mutated oligonucleotides contain all imino ^1^H NMR resonances of the 5′-end G-quadruplex unit, which shows that the 5′-end region is not affected by mutations near the 3′-end (Supplementary Figure S5). On the other hand, the effect on 3′-end G-quadruplex unit varies with mutation site. G24T suppresses the formation of the 3′-end G-quadruplex unit as none of the imino ^1^H resonances can be observed for the sequence at the 3′-end. For G25T very weak imino ^1^H NMR resonances of G22, G23 and G29 can be observed. On the other hand, the G26T mutation seems to have less effect as G22, G23 and G29 imino ^1^H resonance intensities of the 3′-end region are comparable to 32R-3n.

Differences in the structure of the 3′-end are reflected in PAGE (Figure [2](#F2){ref-type="fig"}). G26T migrates as a single band at the same rate as 32R-3n. G24T also migrates as a single band, however, slightly, but noticeably slower. The loss of 3′-end G-quadruplex structure results in a minimal decrease in electrophoretic mobility. G25T produces a wide band corresponding to an equilibrium between a structure with only the 5′-end G-quadruplex and a structure with both G-quadruplex units formed. NMR spectrum of the G28T oligonucleotide exhibits only imino ^1^H resonances assigned to the 5′-end G-quadruplex (Supplementary Figure S5), which shows that the mutation restricts formation of the 3′-end G-quadruplex. The importance of G28 for folding of the 3′-end G-quadruplex forming region is also evident from PAGE as the G28T mutant forms only a minor fraction of the dimeric structure in favor of several higher order structures (Figure [2](#F2){ref-type="fig"}). The electrophoretic mobility of the G28T dimer corresponds to a structure with only the 5′-end G-quadruplex formed, which is in agreement with the NMR spectrum. A very broad background signal in the imino region of the NMR spectrum corresponds to the higher order structures.

Importance of residues G24 and G28 for folding of the 3′-end G-quadruplex unit suggests that a G24:G28:G24:G28 quartet is formed, but due to dynamic properties does not give observable characteristic NMR cross-peaks. Additionally, formation of G25:G25 and G26:G26 base pairs is in accordance with observable G25 (δ 10.8 ppm) and G26 (δ 10.6 ppm) imino ^1^H NMR resonances. The major form of the 3′-end G-quadruplex is therefore comprised of two G:C base pairs and G23:G29:G23:G29 quartet, which form the core of an anti-parallel dimeric head-to-head fold-back topology (Figure [5A](#F5){ref-type="fig"}). The proposed formation of a G24:G28:G24:G28 quartet and two G:G base pairs agrees with available NMR data although is not directly supported by clear NOE interactions among resolved and assigned imino and/or aromatic resonances in a structure involved in dynamic conformational exchange.

Observation of a second pair of imino resonances for G24 and G29 (designated as G24\* and G29\* in Figure [1](#F1){ref-type="fig"}) implies an alternate structure of the 3′-end G-quadruplex unit. We have acquired 1D ^1^H NMR spectra at temperatures ranging from 25 to 40°C (Supplementary Figure S6). Due to overlap of imino resonances additional ^15^N-edited HSQCs were acquired for G24-selectively ^15^N-labeled 3q at 25 and 40°C. The ratios of G24/G24\* and G29/G29\* signal intensities are highly temperature dependent. 1D ^1^H NMR spectra acquired at 40°C are dominated by imino resonances of G22, G23, G24\* and G29\*. The simultaneous decrease of imino proton signals of G24, G25, G26 and G29 upon temperature increase suggest melting of G25:G25 and G26:G26 base pairs and rearrangement of the G24:G29:G24:G29 quartet in favor of a G24:G24 base pair (Figure [5B](#F5){ref-type="fig"}). It is noteworthy that aromatic and anomeric resonances of G24 and G29 of both forms were not resolved on the proton chemical shift time-scale. Interestingly, G23 exhibits a single imino proton resonance, which is possibly due to efficient stacking of the adjacent G24 in both forms. G29 on the other hand loses stacking of adjacent G28 at higher temperatures (*cf*. structures in Figure [5](#F5){ref-type="fig"}).

^1^H signals of the region connecting 3′- and 5′-end G-quadruplex units (A11-A21) in spectra of 32R-3n get progressively broader from both 3′- and 5′-ends. A11 and G21 exhibit slight broadening of cross-peaks in aromatic-anomeric region of NOESY spectra, while no peaks could be assigned to residues A12-G20 in 1D or 2D spectra (Figure [3](#F3){ref-type="fig"} and Supplementary Figure S7). This suggests that this region is flexible and allows for relative movement of the two G-quadruplex units.

G:C base pairs are critical for stability of the 3′-end G-quadruplex {#SEC3-3}
--------------------------------------------------------------------

Melting temperature experiment by UV absorption of the full length 32R-3n (Table [1](#tbl1){ref-type="table"}) is in agreement with previous studies ([@B27]). 5q melts at a twelve degree lower temperature. Interestingly, the temperature at half transition (T~1/2~) of 3q was higher than that of 5q, which could be attributed to the stable Watson--Crick base pairs. First derivative of the melting curve of 3q shows a very weak premelting transition at around 33°C (Supplementary Figure S8), which could correspond to the melting of G25:G25 and G26:G26 base pairs and rearrangement of the G24:G29:G24:G29 quartet into a G24:G24 base pair as suggested by NMR. T~11~ is destabilized by the change in sequence of the segment connecting the two G-quadruplex units, which results in a 9°C lower T~1/2~ versus 32R-3n. Interestingly, no hysteresis can be observed for the T~11~ mutant. 32R-3n and 5q exhibit only slight hysteresis of a few degrees, while the hysteresis in the case of 3q is 19°C (considering the major transition at 42°C).

###### Melting temperatures of the full length and truncated oligonucleotides

  Oligonucleotide   T~1/2~ (°C)   
  ----------------- ------------- ----
  32R-3n            48            52
  5q                36            55
  3q                42 (33)       47
  T~11~             39            40

\*Concentration of oligonucleotides was in the range between 5 and 10 μM for the low concentration experiment (measured at 295 nm) and between 0.5 and 1.0 mM for the high concentration experiment (measured at 300--305 nm). The temperature was increased/decreased from 10 to 80°C with the rate of 0.5°C/min.

We have also determined the T~1/2~ for 32R-3n, 5q, 3q and T~11~ at NMR concentrations. T~1/2~ of 32R-3n, 3q and T~11~ are higher for up to 5°C, which is caused by a crowding effect due to increased oligonucleotide concentration. On the other hand, a dramatic increase in T~1/2~ of 19°C is observed with 5q (Table [1](#tbl1){ref-type="table"}), which can only be explained by a considerable change in the structure of 5q at different concentrations.

Dimeric structures are resolved at lower concentrations {#SEC3-4}
-------------------------------------------------------

CD spectra of 32R-3n, 5q, 3q and T~11~ exhibit positive peaks at 265 and 295 nm and negative peaks at 240 nm (Figure [6](#F6){ref-type="fig"}). Spectra were recorded with two oligonucleotide concentrations (50 and 500 μM). Relative intensities of signals in CD spectra vary for each oligonucleotide and concentration. None of the spectra are characteristic of pure parallel or anti-parallel G-quadruplexes. NMR data suggest that at high concentrations major G-quadruplexes species of all oligonucleotides are anti-parallel, which is reflected in CD spectra as a maximum at around 295 nm. The positive and negative signals at 265 and 240 nm, respectively, are typically attributed to parallel G-quadruplex species. Interestingly, the positive 295 nm signals rapidly decrease with oligonucleotide dilution suggesting unfolding of the anti-parallel G-quadruplex structures and a transition to parallel ones at low concentrations.

![CD spectra of 32R-3n (blue), 5q (red), 3q (yellow) and T~11~ (green) oligonucleotides at 50 and 500 μM oligonucleotide concentrations. Spectra were acquired at 25°C in an 80 mM KCl and 20 mM K phosphate buffer (pH 7) solution with optical paths of 0.1 mm (500 μM DNA) and 1.0 mm (50 μM DNA).](gkv1359fig6){#F6}

32R-3n and T~11~ exhibit almost identical CD spectra corresponding to mostly anti-parallel dimeric G-quadruplexes at high concentrations. Upon dilution both exhibit a shift of equilibria toward parallel (possibly monomeric) structures with 32R-3n being more affected of the two. CD spectra of 5q show a comparable degree of parallel and anti-parallel species at both high and low concentrations, while 3q is mostly parallel. However, NMR data show that the major species of 5q and 3q at high concentrations are anti-parallel. Broad background signals in NMR spectra and multiple bands on PAGE suggest that both oligonucleotides form ensembles of minor species, which could be parallel G-quadruplexes and give rise to characteristic CD signals while not being explicitly identified in NMR spectra.

DISCUSSION {#SEC4}
==========

The complete KRAS NHE contains four runs of at least three guanines. Despite high guanine frequency features like G-tracts of various lengths, single guanines in loops, interrupted G-tracts etc. allow for a number of folding options. Due to the notoriously polymorphic nature of G-quadruplexes, a complex array of structures and interconversion between them is expected and observed ([@B30]). Consequently, previous studies on KRAS NHE oligonucleotides of various lengths resulted in different folding topologies.

Earlier study of Xodo *et al*. found that 32R-3n, a truncated portion of the KRAS NHE lacking the 5′ GGG run, adopts both monomeric and dimeric G-quadruplex forms in a KCl solution ([@B27]). At low concentrations shortly after annealing a monomeric form is preferred, while an overnight incubation shifts the equilibrium toward the dimeric form. We have shown that dimers of 32R-3n actually form two individual G-quadruplex units at 5′- and 3′-ends. The central (A11-A21) segment of 32R-3n, despite being G-rich, only connects the two G-quadruplex units. Despite our efforts using various annealing protocols and different oligonucleotide concentrations we were unable to induce unimolecular folding of 32R-3n. Therefore we cannot propose a model for the secondary structure of 32R-3n region within genomic DNA. It is noteworthy that the concentrations in our experiments were at least an order of magnitude higher than those used by Xodo *et al*. due to sensitivity limitations of NMR spectroscopy. Interestingly, T~11~ PAGE migration pattern shows a monomer/dimer equilibrium even after prolonged incubation of the oligonucleotide in a KCl solution. This suggests that the central (A11-A21) segment of 32R-3n is responsible for the formation of a dimeric structure in diluted solutions.

The two G-quadruplex units at 5′- and 3′-ends of 32R-3n have been extensively characterized. While both G-quadruplex folds can be obtained by 5q or 3q oligonucleotides, a correct length of overhangs is required to achieve similar stacking interactions as in 32R-3n. According to imino ^1^H NMR chemical shift pattern in the case of 5q this requires at least one A after the last G-tract, while 3q clearly requires additional stabilization and the first G-tract has to be preceded by four nucleotides (AAGA) in order to adopt the same structure as in 32R-3n.

The 5′-end G-quadruplex unit exhibits three G-quartets with 3-nt edge-type loops. On the other hand, NOE connectivities support the formation of only a single G-quartet flanked by two G:C base pairs in the 3′-end G-quadruplex unit. The G24-G28 segment could form 5-nt loops as stable G-quadruplex structures with long loops do exist ([@B32],[@B33]). However, due to observable imino ^1^H NMR resonances we have assigned an additional G-quartet and two G:G base pairs to the structure of the 3′-end G-quadruplex unit. Broad NMR resonances suggest increased dynamics of the G24-G28 segment. Structural elements within the G24-G28 segment of the 3′-end G-quadruplex unit are melted at higher temperatures and replaced by a single G:G base pair, while the core G:C base pairs and the adjacent G-quartet remain structured.

Although UV melting shows that 3q melts at a higher temperature compared to 5q, this can be attributed to a pair of stable G:C base pairs in 3q. Compared to the full length 32R-3n and 5q, which feature simpler two-state melting, 3q melts over a wide temperature range (Supplementary Figure S8). Although only a single broad premelt can be identified in the melting profile of 3q, we hypothesize on the basis of NMR data that some structural elements melt first, followed by complete melting of the 3′-end G-quadruplex unit. It is noteworthy that the melting profile of 3q also exhibits considerable hysteresis, which suggests slow folding kinetics. On the other hand, only minimal hysteresis is present with 5q and 32R-3n. The two-state melting of 32R-3n indicates that the folding of the 3′-end G-quadruplex unit within the full length oligonucleotide is cooperative and heavily dependent on the formation of the 5′-end G-quadruplex.

It has been shown that 32R-3n is taken up by MAZ with a K~D~ in the nanomolar range and reduces cell growth of pancreatic cancer cells ([@B27]). Furthermore, an oligonucleotide modified with two polycyclic aromatic hydrocarbon TINA insertions (compound 637_3 in ([@B26])) exhibits a substantial increase in G-quadruplex stability. Two additional LNA modifications at the 3′-end (compound 2998 in ([@B27])) increase nuclease stability and cause a large increase in anti-cancer activity. Polycyclic aromatic hydrocarbons supposedly interact with G-quadruplex units via stacking on the outer G-quartets. According to topology proposed in this study ideal positioning of such moieties within 32R-3n is between sites 10--11 and 21--22, which are the exact sites where the oligonucleotides (637_3 and 2998) have been modified. However, a dimer of modified oligonucleotides would position pairs of TINA residues in close proximity and most likely destabilize the structure. This is in agreement with previous work of Xodo *et al*., which shows that oligonucleotide 2998 is a monomer in K^+^ solutions ([@B27]). On the other hand, an equimolar mixture of modified and unmodified 32R-3n could produce hybrids with enhanced stability. The possibility of oligonucleotide 2998 invading the NHE and forming a dimer with the genomic G-rich strand is unlikely, due to the G:C base pair rich dsNHE.

Dimeric 32R-3n and, even more so, monomeric 2998 were found to exhibit anti-proliferative effects in pancreatic cancer cells via sequestering MAZ and downregulating *KRAS* transcription. Which structural elements of dimeric 32R-3n are recognized by MAZ remains unknown. The 3′-end G-quadruplex unit includes the GGGAGG (G24-G29) MAZ binding sequence. Furthermore, the G24-G29 region within 32R-3n is dynamic and involved in a conformational equilibrium, which could be important for its availability for binding to MAZ. This could allow for a sequence based recognition of the G-rich motif. Additionally, the two stable G-quadruplex structures could serve as a stability enhancer and protect both ends of 32R-3n. While the dimeric G-quadruplex structures are not possible within a single G-rich strand of genomic *KRAS* NHE, molecular crowding conditions could favor a monomeric topology including additional nucleotides flanking the 5′- or 3′-ends of the 32R-3n sequence.
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